Abstract Lactoferrin (Lf) can solubilize more than a 70-fold molar equivalent of iron in the presence of bicarbonate anions. Iron solubilized by Lf (FeLf) is a useful food product for iron fortification, preventing anaemia with no risk of toxicity. However, the mechanism underlying this iron solubilization is not yet well understood. The objective of this study was to investigate the effects of thermal treatments on the iron-solubilizing capacity of Lf in the presence of sodium bicarbonate. Lf was subjected to thermal treatment at 50-80°C for 10 min, and the Lf heated to over 70°C was precipitated by the addition of Fe(III). No precipitation was observed in FeLf-like mixtures of heated Lf when various other cations were substituted for Fe(III): Cu(II), Zn(II), Mg or Na. The precipitation was related to the degree of thermal denaturation of Lf, accompanied by the formation of high-molecular-weight aggregates as disulphide bonds were established. Transferrin, α-lactalbumin and β-lactoglobulin did not solubilize Fe(III), suggesting that the Fe(III)-solubilizing capacity is characteristic of Lf. In conclusion, native Lf is responsible for iron solubilization in the presence of bicarbonate anions. Owing to the application of native Lf to the manufacture of FeLf, FeLf can improve specific food products by supplementing their iron content. 
Introduction
Iron is the most abundant trace mineral in humans and animals. The main function of iron is in oxygen transport within the blood and muscle. Iron deficiency is one of the major nutritional problems in the world, especially in infants, children and women of childbearing age (WHO 2008) . Iron-fortified foods, such as infant formula, yoghurt and skim milk, have been developed to address the inadequate intake of dietary iron that causes anaemia in populations (Hurrell 1997) .
Lactoferrin (Lf) is an iron-binding glycoprotein of the transferrin (Tf) family that occurs in milk and secretory fluids, such as human colostrum and cow's colostral whey (Steijns and van Hooijdonk 2000) . The proteins of the Tf family are all glycoproteins, with molecular weights of about 80 kg.mol , and typically exhibit 50-70% pairwise amino acid sequence identities. The three-dimensional structure of Lf has been clearly demonstrated in crystallographic studies. Lf is folded into N-and C-lobes, and each lobe has a binding site for a ferric ion, which it binds in a unique synergistic cooperation with a bicarbonate anion (Baker and Baker 2009; Baker et al. 2002) .
Bovine Lf can solubilize more than 70 molar equivalents of iron in the presence of bicarbonate anions, which is much higher than the specific iron-binding capacity of Lf (Kawakami et al. 1993) . Iron solubilized by Lf (FeLf) has no unacceptable taste, contains more bioavailable iron than ferrous sulphate and does not damage the gastric mucosa of rats, which is severely damaged by both ferrous sulphate and ferrous citrate . Therefore, FeLf is a useful food supplement for iron fortification, preventing anaemia with no risk of the toxicity often encountered with general iron supplementation (Motouri et al. 2007) . FeLf is also useful as a natural iron stabilizer for food products containing polyunsaturated fatty acids because it confers oxidative stability in the iron-catalyzed oxidation of fish oil (Shiota et al. 2006) . Recently, the suppressive effects of FeLf on mental stress and menstrual pain have been reported (Yoshise et al. 2010a, b) . According to the structural model of FeLf, the Fe 3+ -HCO 3 − electrostatic interactions between Lf molecules stabilize the protein molecule, which may facilitate the absorption of iron molecules in vivo (Hu et al. 2008) . However, the mechanism underlying this iron solubilization is not well understood, although this is required if we are to develop applications for FeLf in the food industry, such as in the formulation of food products or manufacturing processes that include thermal treatments. It has been proposed that Lf is involved in various biological functions, including antimicrobial activities, iron absorption and immunoregulation (Lönnerdal 2009; Wakabayashi et al. 2006) . The thermal denaturation of Lf affects several of its biological functions, including its iron-binding, antibacterial and cell growth activities (Kussendrager 1994; Oria et al. 1993; Paulsson et al. 1993) .
Therefore, the aims of this study were to investigate the effects of the thermal denaturation of bovine Lf on iron solubilization in the presence of bicarbonate anions and to confirm that this iron-solubilizing capacity is characteristic of Lf and that iron cannot be substituted with other metals by comparing FeLf with other metal-protein complexes.
Materials and methods

Materials
Native Lf was prepared from bovine skim milk in a one-step procedure using immobilized monoclonal antibodies directed against bovine Lf (Kawakami et al. 1987) . Its purity was estimated to be >95% by SDS-PAGE, with the method of Laemmli (1970) . Sodium bicarbonate (NaHCO 3 ) was of food additive grade and obtained from Wako Pure Chemical Industries (Osaka, Japan). Ferric chloride hexahydrate (FeCl 3 ⋅6H 2 O) was of food additive grade and obtained from Junsei Chemical (Tokyo, Japan). Bovine transferrin (Tf), α-lactalbumin (αLa) and β-lactoglobulin (βLg) were obtained from Sigma-Aldrich (St Louis, MO, USA). Acetonitrile and trifluoroacetic acid were of high-performance liquid chromatography (HPLC) grade (Wako). All chemical reagents were of analytical grade, unless otherwise specified.
Heat treatment of Lf
A solution of native Lf (8 mg.mL −1 ) was prepared in 50 mmol.L −1 sodium bicarbonate (NaHCO 3 , pH 8.5). Aliquots (10 mL) were transferred into glass test tubes (16-mm i.d. and 125-mm length; Asahi Glass, Tokyo, Japan), sealed with glass caps and then heated for 10 min in a water bath at temperatures ranging from 50 to 80°C. After heating, the heat-treated Lf (HT-Lf) solutions were cooled immediately on ice. All experiments were performed in triplicate to confirm their reproducibility. FeLf was prepared by mixing 3 mL of 8 mg.mL −1 Lf in 50 mmol.L −1 NaHCO 3 solution and 3 mL of a 10 mmol.L −1 FeCl 3 ⋅6H 2 O solution at room temperature. The molecular ratio was 100 mol.mol −1 iron per Lf. To determine the effects of the thermal treatment of Lf on the solubility of iron in the presence of bicarbonate anions, the complex was prepared from HT-Lf instead of native Lf (HT-Lf/Fe). To investigate the effects of various cations on the solubility of HT-Lf, HT-Lf/metal was prepared by blending HT-Lf (80°C, 10 min) with various metals chlorides rather than FeCl 3 : copper chloride dihydrate (CuCl 2 ⋅2H 2 O, HT-Lf/Cu); zinc chloride (ZnCl 2 . HT-Lf/Zn); magnesium chloride dihydrate (MgCl 2 ⋅2H 2 O, HT-Lf/Mg); or sodium chloride (NaCl, HT-Lf/Na). Of the HT-Lf solution, 3 mL was mixed with a solution of 10 mmol.L −1 chloride. The molecular ratio of each metal per Lf was also 100 mol.mol −1 . To examine the capacity of Tf, αLa, and βLg to solubilize Fe(III), these proteins were used instead of Lf to prepare protein/Fe according to the mixing conditions of FeLf described above (Tf/Fe, αLa/Fe and βLg/Fe, respectively). In brief, 3 mL of 8 mg.mL −1 of each protein in 50 mmol.L −1 NaHCO 3 and 3 mL of the 10 mmol.L −1 FeCl 3 ⋅6H 2 O were mixed at room temperature. The turbidity of the mixtures was measured as the absorbance at 600 nm.
Analysis
Soluble iron and soluble protein concentrations
The supernatants of the samples were obtained by centrifugation at 3,000×g for 10 min. The soluble iron concentration in the supernatant was determined with an ICPS-8000 inductively coupled plasma spectrometer (Shimadzu, Kyoto, Japan). The soluble protein concentrations of Lf, Tf, αLa and βLg in the supernatants were determined with the Bradford protein assay (Bio-Rad Laboratories, Hercules, CA, USA), with a known amount of each protein used as its own standard.
Native Lf concentration determined by RP-HPLC
The native Lf concentration in HT-Lf was determined with reversed-phase HPLC (RP-HPLC) based on the different peaks produced by native and thermally denatured Lf on the chromatograms. The analysis was performed with an HPLC system consisting of a Waters 2695 Alliance Separation Module (Waters, Milford, MA, USA) interfaced with a Waters 2487 dual-length UV-Vis detector and a Waters Empower 2 data acquisition and manipulation system. RP-HPLC was performed on an Asahipak C4P-50 reversed-phase column (4.6×150 mm; Showa Denko, Tokyo, Japan) at 30°C. The chromatogram was recorded at 280 nm. Mobile phase A was a mixture of 0.5 mol.L −1 NaCl and acetonitrile (70:30, v/v), containing 0.03% (v/v) trifluoroacetic acid. Mobile phase B was a mixture of 0.5 mol.L −1 NaCl and acetonitrile (50:50, v/v), containing 0.03% (v/v) trifluoroacetic acid. For analytical and column-cleaning purposes, the gradient conditions were programmed on the system controller. During the first 10 min, the linear gradient ranged from 9:1 (A/B, v/v) to 1:9 (A/B, v/v) at a flow rate of 1 mL. min −1
. The column was then washed with mobile phase B for 3 min and equilibrated to the initial conditions. The cycle run time was 15 min.
Immunoassay of HT-Lf
HT-Lf was immunoassayed using the latex agglutination technique (Yamauchi et al. 2004) , with the Lactoferrin Latex Test Kit (Cosmobio, Tokyo, Japan), according to the manufacturer's instructions. The change in the absorbance of the reaction mixture at 650 nm was measured. The increase in absorbance relative to that of the control (%) was proportional to the concentration of bovine Lf in the sample.
High-performance size exclusion chromatography
Molecular mass profiles were obtained using high-performance size exclusion chromatography (HPSEC). Aliquots (20 μL) of HT-Lf and HT-Lf/Fe (1 mg.mL −1 Lf) were loaded onto the column and eluted with the mobile phase [27.5% (v/v) acetonitrile containing 0.05% (v/v) trifluoroacetic acid] at a flow rate of 0.3 mL. min −1 . Two TSKgel G3000PW XL columns (7.5×300 mm; Tosoh, Tokyo, Japan) connected in series with a TSKgel guard column (6.0×40 mm; Tosoh) were used for the HPSEC analysis. Lf was detected by its absorbance at 280 nm. The HPLC apparatus was as described in Section 2.4.2.
SDS-PAGE of HT-Lf under reducing and non-reducing conditions
HT-Lf (10 μg) was mixed with sample buffer [0.125 mol.L −1 Tris-HCl (pH 6.8), containing 2% (w/w) SDS, 30% (v/v) glycerol and 0.002% (w/v) bromophenol blue] with (reducing conditions) or without (non-reducing conditions) 4% (v/v) 2-mercaptoethanol. After the samples were boiled for 2 min, they were resolved electrophoretically on a 14% polyacrylamide gel in a vertical slab gel apparatus (Safety-Cell Mini STC-808; Tefco, Tokyo, Japan) at 200 V per gel. A cocktail protein standard, consisting of 7-216 kg.mol −1 proteins, was also run (Kaleidoscope Prestained Standards, Bio-Rad Laboratories). The gels were stained using Bio-Safe Coomassie Blue G-250 stain (Bio-Rad Laboratories). Figure 1 shows the appearance of HT-Lf/ Fe, and Table 1 shows the turbidity, the concentrations of soluble Lf and the iron in HT-Lf/Fe. Precipitation was induced by the addition of FeCl 3 to HT-Lf treated at 70°C (Fig. 1) , and no soluble iron was detected in their supernatants (Table 1 ). In contrast, 5.0 mmol.L −1 iron still remained in the supernatants of FeLf (unheated) and HT-Lf/Fe treated at 65°C or lower temperatures. The turbidity of HT-Lf/Fe increased greatly when HT-Lf was treated at temperatures above 65°C, whereas the turbidity of HT-Lf/Fe treated at 50 or 60°C was low and the solutions looked clear ( Fig. 1 and Table 1 ). The concentration of soluble Lf in HT-Lf/Fe was also markedly reduced by the treatment of HT-Lf at temperatures above 65°C (Table 1) .
Results
Effect of heat treatment of
Mixtures were then prepared from various metal chlorides and HT-Lf heated at 80°C for 10 min to examine the effects of other cations on the concentration of soluble Lf. In contrast to HT-Lf/Fe, the soluble Lf concentration changed negligibly in HT-Lf/Cu, HT-Lf/Zn, HT-Lf/Mg and HT-Lf/Na (Table 2) .
Structural changes in HT-Lf
The changes induced by the thermal treatment of Lf are summarized in Table 3 . At temperatures of 65-80°C, the turbidity of HT-Lf increased markedly with temperature. In contrast, the native Lf concentration in HT-Lf decreased greatly HT-Lf was heated at 80°C. All values were shown in mean ± SD (n=3) N.D. not detected above 65°C and correlated with the change in the immunological reactivity of the solution to anti-Lf antibody. We noted that no precipitation occurred in any HT-Lf (data not shown). The molecular mass profiles of HT-Lf, HT-Lf/Fe and FeLf (unheated) were obtained with HPSEC analysis (Fig. 2) . In the chromatograms of HT-Lf, the peak heights of native Lf decreased as the temperature increased, whereas a peak with a shorter retention time, corresponding to the Lf aggregate, appeared above 65°C (Fig. 2a) . The molecular mass profile of HT-Lf/Fe was complex and differed from that of HT-Lf (Fig. 2b) . No peak was observed for HT-Lf/Fe treated at 70 or 80°C. SDS-PAGE was performed to characterize the thermal denaturation of HT-Lf (Fig. 3) . The aggregated proteins appeared at the top of stacking gel under non-reducing conditions, whereas the SDS-PAGE pattern under reducing condition revealed that aggregated Lf dissociated into the monomeric form, with an apparent molecular weight of 80 kg.mol −1 . Table 4 . Fe(III) was precipitated and not detected in the supernatants of any mixtures, except that containing unheated Lf. The concentrations of the soluble proteins did not change in any of the samples after the addition of Fe(III), whereas their turbidity, which is an indicator of Fe(III) precipitation, changed slightly in FeLf.
Discussion
Lf and enzymatically digested Lf can solubilize more than 70 molar equivalents of iron, whereas the iron-solubilizing ability of casein phosphopeptide, derived from casein by (Kawakami et al. 1993) . β-Caseinophosphopeptide (β-CN 1-25 ) can also facilitate iron absorption and has antioxidant activity similar to that of FeLf. In contrast to FeLf, the structure-function relationship of β-CN 1-25 is well characterized (Kansci et al. 2004) . The objective of this study was to extend our understanding of iron solubilization by Lf in the presence of bicarbonate anions to develop a manufacturing process and appropriate applications for FeLf.
It has been proposed that Lf is involved in various biological functions, such as antimicrobial activity, iron absorption and immunoregulation (Lönnerdal 2009; Steijns and van Hooijdonk 2000; Wakabayashi et al. 2006) . However, the thermal treatment of Lf reduces some of its biological activities (Kussendrager 1994; Oria et al. 1993; Paulsson et al. 1993) . The thermal denaturation of Lf has been well studied under many experimental conditions, including different pH values, buffers and concentrations of buffer salts (Abe et al. 1991; Kawakami et al. 1992) . When Lf was heated near its isoelectric point (Table 3) , the denaturation temperature (about 65°C) was consistent with that in the literature (Hu et al. 2008) . We also only observed an iron solubilization capacity in native Lf, which was lost after its thermal denaturation ( Fig. 1 and Table 1 ). These results suggest that iron solubilization by Lf is also one of the functional characteristics of native Lf. Once Lf is thermally denatured during food processing, as during pasteurization, it cannot solubilize iron. Therefore, we consider that the preparation of FeLf requires native Lf. Successfully manufactured FeLf should also be "native," that is, containing biologically active Lf. The multifunctional benefits of Lf can also be delivered to the consumer as FeLf.
Tf is a homologue of Lf, with 60% amino acid sequence identity to Lf. αLa and βLg constitute about 70% of whey proteins (Blaschek et al. 2007 ), which are a major source of Lf in the food industry. In contrast, Tf/Fe, αLa/Fe and βLg/Fe precipitated without any change in the concentrations of soluble protein (Table 4) , whereas HT-Lf/Fe caused a large reduction in soluble Lf (Table 1) . These results suggest that this iron-solubilizing capacity is characteristic of Lf. In terms of the interactions between milk proteins and transition metals, Chakraborty and Basak (2008) reported that Al(III) and Zn(II) cause the aggregation of caseins by inducing structural changes in them. As shown in Table 2 , among various cations, only Fe(III) induced the precipitation of HT-Lf and the soluble HT-Lf was greatly decreased only in HT-Lf/Fe (III), suggesting that Fe(III) affects the solubility of HT-Lf. Cu(II) and Zn(II) did not affect the soluble HT-Lf even though these metals also precipitated in HT-Lf/Cu (II) or HT-Lf/Zn(II) (data not shown). In contrast, Fe(III) precipitated alone in the mixtures of Tf, aLa and bLg (Table 4) . Therefore, HT-Lf/Fe(III) could form insoluble complex and precipitate. In the manufacturing process of FeLf, the use of unpurified or thermally denatured Lf could affect iron solubilization by exceeding the feasible ratio of iron per unit Lf or by inducing an unfavourable interaction between denatured Lf and Fe(III).
The molecular masses of HT-Lf and HT-Lf/Fe suggest that thermally denatured Lf cannot remain soluble because of the loss of its iron-solubilizing capacity (Figs. 1 and 2 and Table 3 ). The thermal treatment of Lf induced its aggregation by the formation of intermolecular disulfide bonds, which consequently increased its molecular weight (Brisson et al. 2007a ). Bovine Lf is a 689-amino acid polypeptide, with 17 disulfide bonds and no free cysteine residues (Pierce et al. 1991) . When Lf was heated at 70 or 80°C and subjected to SDS-PAGE under reducing conditions, the aggregate dissociated into monomeric Lf molecules (Fig. 3) . This result indicates that the formation of the aggregates could result from the formation of intermolecular disulfide bonds between denatured Lf, like the formation of the protein-protein complexes observed in heated skim milk (Brisson et al. 2007b; Donato and Guyomarc'h 2009) . In other words, the higher-level structure of denatured Lf could change, forming soluble aggregates. According to the structural model proposed by Hu et al. (2008) , the surface charge on Lf is responsible for the formation of FeLf. Considering that digested Lf still has an iron-solubilizing capacity (Kawakami et al. 1993) , HT-Lf could be affected by steric hindrance in the region of Lf involved in iron solubilization.
Conclusions
Heated Lf was precipitated by the addition of Fe(III), and no soluble Lf or soluble iron was detected. In contrast, the addition of Cu(II), Zn(II), Mg or Na instead of Fe(III) had little effect on the solubility of heated Lf. This precipitation event corresponded to the thermal denaturation of Lf, accompanied by an increase in its molecular mass and the formation of soluble aggregates. The iron-solubilizing capacity of Lf was lost by its thermal denaturation, together with some of the biological functions of Lf. Tf, αLa and βLg did not solubilize Fe(III) in the presence of bicarbonate anions, suggesting that this iron solubilization capacity is characteristic of Lf. In conclusion, native Lf can solubilize iron in the presence of bicarbonate anions during the manufacture of FeLf. FeLf supplementation can improve specific food products by supplementing their iron content and other nutritional functionalities.
